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a b s t r a c t
Effective ﬂood risk management requires updated information to ensure that the correct decisions can be
made. This can be provided by Wireless Sensor Networks (WSN) which are a low-cost means of col-
lecting updated information about rivers. Another valuable resource is Volunteered Geographic In-
formation (VGI) which is a comparatively new means of improving the coverage of monitored areas
because it is able to supply supplementary information to the WSN and thus support decision-making in
ﬂood risk management. However, there still remains the problem of how to combine WSN data with VGI.
In this paper, an attempt is made to investigate AGORA-DS, which is a Spatial Decision Support System
(SDSS) that is able to make ﬂood risk management more effective by combining these data sources, i.e.
WSN with VGI. This approach is built over a conceptual model that complies with the interoperable
standards laid down by the Open Geospatial Consortium (OGC) – e.g. Sensor Observation Service (SOS)
and Web Feature Service (WFS) – and seeks to combine and present uniﬁed information in a web-based
decision support tool. This work was deployed in a real scenario of ﬂood risk management in the town of
São Carlos in Brazil. The evidence obtained from this deployment conﬁrmed that interoperable standards
can support the integration of data from distinct data sources. In addition, they also show that VGI is able
to provide information about areas of the river basin which lack data since there is no appropriate station
in the area. Hence it provides a valuable support for the WSN data. It can thus be concluded that AGORA-
DS is able to combine information provided by WSN and VGI, and provide useful information for sup-
porting ﬂood risk management.
& 2015 Elsevier Ltd. All rights reserved.
1. Introduction
Recent ﬂoods have shown that such disasters can cause damage
to the economy and citizens of a country (Kaewkitipong et al.,
2012; Merz et al., 2012). This is particularly the case in Brazil,
where frequent serious ﬂooding accounts for 54% of the disaster
events for the past few years (IBGE, 2014). In view of this, ﬂood
risk management has become a critical issue. Timely and accurate
information can greatly assist the emergency agencies involved in
ﬂood risk management. However, the continuous monitoring of
the potential risks of ﬂood hazards requires precise estimates of
the risks incurred that are based on the observation of rainfall and
water levels in local regions (Jha et al., 2012).
Wireless Sensor Networks (WSN) have emerged as an alter-
native approach which can provide updated information for water
resource management at a relatively low deployment cost (Albu-
querque et al., 2013). Although this approach has been successfully
employed for different situations (Lee et al., 2008; Hughes et al.,
2011; Seal et al., 2012; Shukla and Pandey, 2014), it requires a
considerable effort to ensure it works effectively (Patel and
Kaushik, 2009). In addition, WSNs often fail to provide data from
several parts of the riverbed since there is a lack of an appropriate
station in what are called “ungauged areas”. Running parallel with
this, another valuable source of information is Volunteered Geo-
graphic Information (VGI). This enables ordinary citizens who re-
side in high-risk areas, to provide information through various
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devices (e.g. smartphones) (Goodchild, 2007; De Longueville et al.,
2010; Roche et al., 2011).
The combination of WSN and VGI can act as a mutual support
system for achieving effective ﬂood risk management. However, it
raises challenges which are threefold: (1) dealing with distinct
formats (e.g. photos vs numeric values) at different levels of
measurements (e.g. water level gauges vs citizen's perceptions),
(2) ensuring interoperability among data providers, and (3) con-
veying the integrated information in a single and understandable
way. This paper therefore aims to tackle these challenges by pre-
senting AGORA-DS, a Spatial Decision Support System (SDSS) that
integrates the information provided by WSN and VGI, and is an aid
to decision-making in ﬂood risk management. AGORA-DS was
based on a conceptual framework comprising the following:
(a) the acquisition layer responsible for deﬁning available data
sources, (b) the integration layer designed to integrate the data
and make them available in compliance with interoperable stan-
dards, and (c) the decision-support layer, the purpose of which is
to provide a web-based decision support tool for visualizing the
integrated information to support decision-making.
This paper is based on our previous work: Horita and Albu-
querque (2013) set out a conceptual architecture for supporting
decision-making by using different types of data sources. Degrossi
et al. (2013) show the early results of our attempts to monitor
urban rivers. Horita et al. (2014) display a geodashboard that
processes data streams of WSN and makes them available to
support decision-making. Degrossi et al. (2014) adopt and evaluate
a crowdsourcing-based approach to obtain VGI for ﬂood risk
management. Thus, this paper both consolidates the results of our
previous work and supplements this with the following novel
contributions:
1. Conceptual framework: a deﬁnition of a conceptual framework
for collecting and integrating heterogeneous data sources (i.e.
WSN and VGI), and the visualization of integrated information.
It employs interoperable standards to ensure the integration of
information, and thus makes the framework ﬂexible enough to
support the inclusion of different elements.
2. Real scenario: lessons learned from the deployment and ana-
lysis of AGORA-DS in a real scenario of ﬂood risk management
in São Carlos, Brazil. The data provided by both a group of in-
stalled in situ sensors and volunteers in the ﬁeld were used
rather than data from simulated scenarios.
This paper is structured as follows. Section 2 ﬁrst outlines the
conceptual basis of this work. Following this, Section 3 describes
AGORA-DS and sets out its conceptual framework. On this basis,
Section 4 describes the deployment used for analyzing AGORA-DS.
Section 5 discusses the lessons learned from this deployment and
the results obtained. The limitations of this work are also de-
scribed in this section. Finally, Section 6 summarizes our conclu-
sions and makes recommendations for future work.
2. Background
2.1. Flood risk management
Since ﬂoods are the most common type of disaster that affects
communities around the world, ﬂood risk management is a ne-
cessary measure to minimize their effect. This kind of manage-
ment seeks to reduce the social, economic, and environmental
consequences of ﬂoods by means of a set of activities grouped into
three phases: pre-ﬂood planning, emergency management and
post-ﬂood recovery (Ahmad and Simonovic, 2006). In view of the
many variables involved, information about the current state of
rivers thus plays an important role in deﬁning the current situa-
tion and supporting decision-making.
Nevertheless, three key issues must be addressed to ensure the
effectiveness of ﬂood risk management and that the right deci-
sions are made by the emergency agencies: (1) the response time
of ofﬁcial and emergency agencies must be fast, integrated and
reliable because a delayed response based on erroneous data can
have serious consequences (Ostermann and Spinsanti, 2011);
(2) there may be a lack of detailed and updated information
concerning the different variables in the affected areas (Tu et al.,
2009), and (3) since there is a wide range of existing systems,
there is no single standard that can ensure their interoperability
(Baharin et al., 2009).
In order to tackle the second issue, Wireless Sensor Networks
(WSN) (Xu et al., 2004) have been proposed to provide updated
information at a relatively low deployment cost (Lee et al., 2008;
Hughes et al., 2011; Seal et al., 2012; Shukla and Pandey, 2014).
Due to advances made in wireless computing, sensing devices and
small batteries, a wireless sensor network can be deﬁned in terms
of its low-cost and low energy consumption, regardless of external
services. This makes it possible to monitor distinct variables of
interest like the level of pollution in the river. This network gen-
erally consists of a range of sensor nodes installed in different
locations, which are designed to gather and transmit speciﬁc data
through short-range wireless interfaces to a base station (Khedo,
2013). To carry this out, the architecture of the nodes is equipped
with low-power wireless networking technologies (e.g. ZigBee
device) and simple sensors (e.g. for measuring the volume of
rainfall).
2.2. Volunteered geographic information
The increase of interactions made possible by Web 2.0, the
widespread use of devices equipped with GPS and the availability
of broadband access to the Internet, geographic information has
being produced by relatively unqualiﬁed people. This type of in-
formation, called Volunteered Geographic Information, has been of
great practical value to complement existing geospatial datasets
(Goodchild, 2007), owing to the potentially large number of vo-
lunteers who act as “sensors” (Poser and Dransch, 2010). In recent
natural disasters, VGI has been used to support the activities of
emergency agencies and government departments (Poser and
Dransch, 2010; Yates and Paquette, 2011; Roche et al., 2011;
Kongthon et al., 2012; Kaewkitipong et al., 2012; Triglav-Čekada
and Radovan, 2013; Chae et al., 2014).
The volunteered information can be obtained through different
collaborative activities, such as information sharing through social
media (e.g. Twitter), collaborative mapping (e.g. OpenStreetMap,1
Wikimapia2), and participatory sensing (e.g. citizen observatories)
(Resch, 2013; Degrossi et al., 2014). In this study, it was decided to
employ participatory sensing by means of a citizen observatory.
This is because this platform seeks to gather speciﬁc and struc-
tured data rather than providing free-text content (e.g. Twitter)
(Miorandi et al., 2013). A good deal of work has been carried out
on the use of a citizen observatory for supporting disaster man-
agement (McDougall, 2011; Gunawan et al., 2012; Valecha et al.,
2013; Hirata et al., 2013; Degrossi et al., 2014). However, neither of
these works considered the question of integrating volunteered
observations with other data sources nor the sharing of data by
complying with interoperability standards.
1 http://openstreetmap.org
2 http://wikimapia.org
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2.3. Related work
The question of integrating heterogeneous data has been
widely investigated in the literature. Some works employed a
spatial data infrastructure as an alternative. Mansourian et al.
(2006) devised an SDI conceptual model to allow an integrated
infrastructure to be established for a different disaster manage-
ment system. In a similar way, Molina and Bayarri (2011) design an
SDI architecture and develop a web-based application that em-
ploys a cognitive approach to allow information sharing. Although
the implementation of interoperable standards can be regarded as
an important requirement, these works did not use them either for
interoperability among the systems or for the integration of data
sources.
This is addressed by another group of studies which seek to
analyze the use of open standards of the Open Geospatial Con-
sortium (OGC) to achieve interoperability among different sys-
tems. Zhang and Li (2005) stress the importance of OGC open
standards – esp. Web Feature Service (WFS) and Web Map Service
(WMS) – for sharing near real-time spatial data over the web.
Moreover, Markovic et al. (2009) use OGC open standards, i.e.
Sensor Observation Service (SOS), WFS and WMS, for en-
capsulating sensor and spatial data at the River water Monitoring
and Alert System (RWMAS) with a view to detecting and pre-
venting water pollution.
As for the integration between VGI with other data sources, Wan
et al. (2014) and Schnebele et al. (2014) describe distinct approaches
that integrate authoritative and non-authoritative data with the aim
of providing location-based eventful visualization, statistical ana-
lysis and graphic capabilities for the authorities and the public.
However, these studies are not concerned with interoperability,
despite the aforementioned importance of using of open standards.
In summary, none of the studies mentioned above considered the
architectural requirements for collecting and integrating hetero-
geneous data sources, and then carrying out the visualization of the
integrated information. Moreover, there have not been any studies
which have dealt with the complex question of achieving inter-
operability between VGI platforms and other information systems.
3. AGORA-DS: description and framework
The AGORA-DS was built on the conceptual framework shown
in Fig. 1. This framework is based on the architecture proposed by
Horita and Albuquerque (2013) and consists of the following lay-
ers: the acquisition layer, the integration layer, and the decision-
support layer. The next sections will outline these layers in detail.
3.1. Acquisition layer
This layer seeks to encapsulate the idiosyncrasies of data
sources, and provide the appropriate technological resources (e.g.
interfaces or web services) to disclose their data to the integration
layer. This encapsulation is beneﬁcial in several ways such as im-
proving scalability and maintainability, reducing the impact of a
change in data sources, and allowing new data sources to be in-
cluded in a ﬂexible way.
In this manner, two adapters were employed owing to the
difference in the data structure and external sources of commu-
nication. First, there is a sensor adapter which is responsible for
deﬁning a standardized and easy way to receive data from the
WSN. Since it is an input interface, the sensor adapter also con-
verts the received data to an Observation and Measurements
(O&M) speciﬁcation (the XML format used to describe an ob-
servation of interoperable standards) (OGC, 2011). This adapter
conveys the data to the integration layer through the
InsertObservation operation of the Sensor Observation Service
(SOS) (OGC, 2012).
The second adapter called Volunteered Observation Service is
based on our previous work (Degrossi et al., 2014) and handles the
information provided by volunteers. This service interacts with the
citizen observatory with the goal of collecting relevant informa-
tion, e.g. the reports provided by volunteers. After this, it also
executes the InsertObservation operation for conveying the data to
the integration layer.
3.2. Integration layer
The purpose of this layer is to deﬁne mechanisms to receive,
store, and share data provided by the acquisition layer. This is
achieved by adopting the Sensor Observation Service (SOS), which
deﬁnes interfaces both for receiving the data (via InsertObservation
operation) and sharing them (via GetObservation operation). It also
stores the received data in a sensor database (see data model in
OGC, 2012). The SOS then supports the integration of distinct
formats of data as well as the interoperability of data sources.
Furthermore, this layer sets up the Spatial Data Service which
aims to convert data collected in SOS to the geospatial service
standards, Web Feature Service (WFS). WFS provides resources
which allow the creation, modiﬁcation, and querying of geo-
graphical features3 on the Internet rather than working with it on
Fig. 1. Conceptual framework of AGORA-DS.
3 A geographical feature can be deﬁned as an object that is an abstraction of a real
phenomenon (OGC, 2014), e.g. in our case sensors data and volunteer information.
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the ﬁle level (e.g. raster or shapeﬁle) using File Transfer Protocol
(FTP) (OGC, 2014). We have considered WFS instead of Web Map
Service (WMS) because it supports complex query operations re-
garding geographic features that result in low-time for data pro-
cessing on the client-side (Zhang and Li, 2005). In addition, the
Spatial Data Service also deﬁnes a simple database for storing all
geographic information.
Therefore, the information can be shared with the decision-
support layer by means of two speciﬁc operations, as shown in
Fig. 2. First, the GetFeature operation is processed at WFS and aims
to return a document to the decision-support layer containing a
set of available geographic features (OGC, 2014). Second, the
GetObservation operation provides access to integrated informa-
tion by means of the spatial, temporal, and thematic ﬁltering
which will be used by the visual indicators (Jirka et al., 2012). This
operation needs a set of parameters (see details in OGC, 2012) and
its response is based on O&M speciﬁcations (OGC, 2011). These
operations allow them to the decision-support layer that receives
independently geographic information and integrated information.
3.3. Decision-support layer
The decision-support layer deﬁnes elements for enabling de-
cision-makers to interpret information in a more efﬁcient and
effective way. In the scope of this work, they are web-based de-
cision support tool and visual indicators.
The web-based decision support tool displays the integrated
information provided by the integration layer for supporting ﬂood
risk management. This “web-based decision support tool” is
hereby called Geodashboard. The term “dashboard”, well known in
the ﬁeld of business analytics, refers to an information system
which aims at providing the most important information neededFig. 2. The interaction with the decision-support layer.
Fig. 3. The study area in São Carlos/SP, Brazil. Adapted from Horita et al. (2014). (For interpretation of the references to color in this ﬁgure caption, the reader is referred to
the web version of this paper.)
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for supporting decision-making at different organizational levels
(Few, 2006; Liang and Miranda, 2001). When geospatial factors are
also important for supporting decision-making (e.g. location of
customers and transport routes), it can be called “Geodashboard”
(Horita et al., 2014).
Moreover, the visual indicators were designed to show the in-
formation collected in the acquisition layer which has been pro-
cessed by expert models or not, e.g. the water level at a particular
period of time or the vulnerability of communities who live nearby
the river. Additionally, the Geodashboard displays a simple chart
for each in situ sensor with the aim of supporting the analysis of
its water ﬂow and the limit for ﬂooding. Finally, in the context of
this work, a photo taken by in situ sensor at the critical area of the
ﬂood site, also composes the current version of the Geodashboard.
4. AGORA-DS: deployment and analysis
4.1. Study area
The study area is located in São Carlos/SP, a city that is 230 km
from São Paulo in Brazil; it has a high population density and is in
a region that is frequently affected by ﬂoods. Because of this, a
ﬂood risk management of the river catchments of the city is car-
ried out in this study area to analyze the deployment of AGORA-
DS. Fig. 3 shows the creek of Monjolinho, Santa Maria Madalena,
and Tijuco Preto, all located in the town center of São Carlos.
4.2. Deployment
A critical ﬂood zone (the blue shaded area in Fig. 3) is also
highlighted at the intersection of the Santa Maria Madalena and
Monjolinho creeks, a region with a large number of inhabitants
living in residential buildings and houses and often affected by
ﬂoods (Mendes and Mendiondo, 2007; Barros et al., 2007; Per-
hovaz, 2010; Horita et al., 2014). Owing to these problems, the area
is often monitored by a WSN installed along the riverbed (Hughes
et al., 2011; Degrossi et al., 2013; Horita et al., 2014).
Furthermore, citizens had provided reports related to the water
level in different parts of the study area, as a result of the
crowdsourcing-based approach developed by Degrossi et al.
(2014). This approach deﬁnes four interpretation mechanisms for
helping volunteers to have a better understanding of environ-
mental variables, i.e. water level ruler, multi-color band, puppet in
the shape of a human ﬁgure, and general tags rather than the
other strict mechanisms (e.g. the water level is low or
Fig. 4. Flood citizen observatory (Degrossi et al., 2014).
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overﬂowing). They were also used to categorize the citizens' re-
ports (e.g. “ﬂooded area”). Following this, these mechanisms are
employed in a web-based citizen observatory – also known as
“Flood Citizen Observatory”, which is built as an instance of the
Ushahidi crowdsourcing platform4. Fig. 4 displays the main inter-
face of the Flood Citizen Observatory.
All reports provided by citizens are carried out manually by the
Flood Citizen Observatory's administrator before making them
visible on the Web or accessible through the Ushahidi REST API.
This evaluation is important for improving credibility and quality
of the shared volunteered information, although a more complex
assessment is beyond the scope of this work. Finally, Fig. 5 shows
that the Volunteered Observation Service obtains the categories
and requests citizens' reports after the Flood Citizen Observation
collected them from the volunteers. This communication is ad-
dressed by using the Ushahidi REST API. The InsertObservation
operation is used afterwards for sharing the citizens' information
with the integration layer.
The data provided by the data sources mentioned above are
later shared with the integration layer. The sensor adapter was
developed on this layer using Java Server Pages (JSP) while the
volunteered observation service used Java language. The 52north
framework5 was used as an SOS implementation (Jirka et al.,
2012). Both databases, sensor and spatial, used PostgreSQL as its
database management system and had an extension to the geo-
graphic database (PostGIS). The Spatial Data Service was devel-
oped by means of Java language, together with the GeoServer.6
Finally, the GeoDashboard was implemented on the decision-
support layer with the aid of ExtJS7 with OpenLayers8 which are
used for structuring the geospatial data and displaying the visual
indicators. This dashboard displays both the source of the in-
formation on the map, the volunteered information collected by
the Flood Citizen Observatory and the in situ sensors. Furthermore,
the expert model adopted in this work is called the “Hazard Index”
Fig. 5. Interaction with the ﬂood citizen observatory.
Fig. 6. Observations stored in the observation table of the SOS database of AGORA-DS.
4 http://www.ushahidi.com/
5 http://52north.org/
6 http://geoserver.org/
7 http://www.sencha.com/products/extjs/
8 http://openlayers.org/
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(Rotava et al., 2013). This index represents vulnerability loss re-
lated to human stability in ﬂood ﬂows. It was deﬁned based on the
works proposed by Jonkman and Penning-Rowsell (2008) and HR-
Wallingford (2006) that show how ﬂood depth and ﬂood velocity
waters are combined for dynamical body equilibrium. This index is
then related to human instability due to two physical mechanisms:
moment instability (toppling) and friction instability (sliding).
4.3. Deployment analysis
The deployment analysis of AGORA-DS aims at gathering and
classifying evidence of its efﬁciency in the real scenario of sup-
porting ﬂood risk management in São Carlos. This involves
adopting two approaches: (1) drawing on evidence which shows
the success of data integration and interoperability between WSN
and VGI and (2) using evidence to show the usefulness of this kind
of integrated information for supporting ﬂood risk management.
4.3.1. Interoperability and data integration
As mentioned previously, the interoperability between the data
sources was achieved through SOS. This service is based on com-
monly agreed standards and has been employed in different
contexts to facilitate the integration of data. The provided data —
hereby named “Observation” — is stored following an appropriate
data model (see OGC, 2012). Within this data model, the table
observation centers the all relevant information associated with a
speciﬁc observation, i.e. its date, observed value, the procedure
used, and observedProperty. The procedure refers to the source
which provided the observation, and observedProperty could be
water level or temperature. Therefore, an evidence of the
interoperability between data sources and data integration might
be giving when their respective data are stored into this table.
Fig. 6 evidenced the storage of some observations provided by
WSN and VGI from the application of AGORA-DS in the table ob-
servation of SOS database. Due to the possibility of having distinct
types of data, i.e. text or numeric, two different ﬁelds are used for
observed value. This was especially useful for storing the com-
plementary information provided by volunteers (e.g. “0.2 m”).
Moreover, the observedProperty considered for each observa-
tion provided by the Flood Citizen Observatory corresponds with
the categories deﬁned in the platform (see Fig. 5). While for the
WSN, it depends on the measurement of the water level reported
by the sensor, i.e. “GAUGE_HEIGHT”.
Additionally, other evidence which illustrates that there is in-
teroperability between WSN and VGI is the result of the Ge-
tObservation operation of the SOS. This is because this operation
retrieves observations stored in the SOS in accordance with the
O&M speciﬁcations (OGC, 2012). One observation from the appli-
cation of AGORA-DS can be seen in Listing 1. The structured XML
provides the same information about the observation as what is
stored in the observation table for each observation. The ob-
servation displayed in Listing 1 is thus linked to those on line 12 of
Fig. 6. The information about the reports was conveyed by the
comments on the XML, i.e. the date was May 16, the observed
property was water level ruler (in which Portuguese is “níveldeá-
guacomrégua”), the procedure was “Flood Citizen Observation”,
and the observed value reported was “the water level was 0.3 m”.
Listing 1. Return of GetObservation operation.
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Thus, both sources of evidence outlined above – the observa-
tions stored in the SOS database and the response of the Ge-
tObservation operation – highlight the interoperability between
WSN and VGI and the integration of data provided by these data
sources. It should be noted that AGORA-DS is fully compliant with
the interoperable standards. These ensure the reuse of available
data by other information systems, allow the inclusion of new data
sources and provide easier access to data for the next layer (or
potential data consumers).
Finally, Fig. 7 also presents an evidence of the integration of
heterogeneous data given by the Geodashboard. In the same view,
the Geodashboard displays the numeric values about water ﬂow
(esp. the raw data and calculated hazard index) and a photo pro-
vided by the in situ sensor, called “SHOPPING”. Thus, this in-
tegrated visualization may give more information about the
overall situation with the aim of supporting the analysis of deci-
sion-makers.
4.3.2. Supporting ﬂood risk management: lessons learned
The use of integrated information gathered via WSN and VGI
makes it possible to assess the data collected by the in situ sensors
and to provide data about poorly gauged or ungauged areas. In the
case of data assessment, VGI supports the decision-makers' ana-
lysis to provide data from the same location as the in situ sensors,
e.g. the citizens reports that the water level at a speciﬁc location of
riverbed is 50 cm on the Water Level Ruler while the sensors state
that it is 10 cm. This might be because the sensor is broken, needs
recalibration or requires a change of battery.
On May 16 2014, this fact was witnessed in the study area. At
09:28 by using the Flood Citizen Observatory, a citizen reported
that the water level at the speciﬁc location monitored by sensor
node 4 called USP 2 measured 30 cm on the water level ruler
mechanism, although the visual indicator of the respective sensor
was measuring 0 cm, as shown in Fig. 8. After this was checked
manually, we found that the sensor had become clogged with mud
from the river.
On the same day, citizens had reported the current situation of
the riverbed by resorting to the Flood Citizen Observatory. Fig. 9
illustrates an example of these reports on the Geodashboard that
was provided by a volunteer. The general tag mechanism of the
Flood Citizen Observatory was used by the volunteer to estimate
the water level as “Normal”. As can be seen from the chart on the
right-hand side of Fig. 9, this volunteered information is coherent
with the data collected by the in situ sensor called “Kartdromo 2”,
which lies closer to the area observed by the volunteer. This si-
tuation therefore shows that VGI might expand effectively the
coverage of monitored areas.
5. Discussion
The deployment described in the previous section provides
evidence of the effective use of AGORA-DS for combining hetero-
geneous data sources, and for supporting decision-making in ﬂood
risk management.
It can be seen that the integration of heterogeneous data
sources provides more complete, accurate and updated informa-
tion about the situation in the affected areas. Although ofﬁcial data
has provided useful information, they still need to be supple-
mented by other information to estimate the overall situation, e.g.
it is difﬁcult to determine the situation outside the area covered by
in situ sensors. These ﬁndings about the advantages of using of
distinct data sources are in line with those of previous studies
(Schnebele et al., 2014; Wan et al., 2014). However, the approaches
adopted by these studies only address the question of integration
without complying with any interoperable standards. As a result,
this might restrict the possibility of including additional data
sources. In contrast, in our study we employed these standards so
that the data sources could be included in a more ﬂexible way.
In our approach, the integration of distinct data sources is fa-
cilitated by adapters responsible for gathering heterogeneous data
and converting them to uniform data formats and interoperable
standards, as deﬁned by the integration layer. This is because most
of the data sources have their own data structures and employ
distinct formats (e.g. photo and numeric values) for the same
observed property (e.g. the water level), and a different periodicity
of data provision. Regarding the data structure, they can be well
structured (e.g. water level provided by in situ sensors), semi-
structured when some complementary information is needed (e.g.
categories of the citizen observatory), or unstructured when in-
ference techniques are necessary (e.g. social media). Thereby, this
paper builds upon and extends previous works that use adapters
Fig. 7. Integrated visualization of heterogeneous data.
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for integrating geosensor data (Broering et al., 2010a, 2010b; Koga
et al., 2012). This is performed by using adapters for encapsulating
the different data sources, converting the available data to stan-
dardized speciﬁcations (i.e. the O&M scheme), and then sending
them to the appropriate web service (e.g. SOS). In this way, we
were able to handle the discrepancies and idiosyncratic features in
the data.
Additionally, the advantages of employing a dashboard to
convey the integrated information to the decision-makers, should
also be considered within this work. Unlike information systems
with various functions that may produce information overload,
dashboards concentrate all the information needed on a single
screen by means of understandable visual indicators. This can thus
be regarded as an extension of previous studies (Zhang and Li,
2005; Markovic et al., 2009; Molina and Bayarri, 2011) in so far as
it enables the information to be analyzed and makes clear the
amount of integrated information that is available.
Finally, the lessons learned from the deployment in a real
scenario have conﬁrmed that AGORA-DS brings relevant con-
tributions to ﬂood risk management. This was made evident by
the analysis of the integrated data provided by in situ sensors and
citizens' reports. This adds to existing experimental studies which
indicate that citizen observations of river levels can be considered
statistically equivalent to data acquired from in situ sensors (De-
grossi et al., 2014; Moreira et al., 2015). However, to the best of our
knowledge, this paper is the ﬁrst study to evaluate the integration,
visualization, and usefulness of heterogeneous data sources (esp.
WSN and VGI) using a real-world deployment rather than simu-
lated scenarios. Thus, the ﬁndings indicate that the approach de-
scribed herein can effectively leverage volunteered information to
complement data from sensors. The result is then the expansion of
the coverage of monitored areas which might extend the percep-
tion of decision-makers about the overall situation.
Fig. 8. Citizen's report used for assessing the sensor data.
Fig. 9. Citizen's report from the ungauged area.
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6. Conclusion
This paper has outlined AGORA-DS, a spatial decision support
system designed to support the decision-making of emergency
agencies by combining WSN and VGI. It was implemented based
on a conceptual framework which employs interoperability stan-
dards. The results of our deployment in a real scenario showed
that AGORA-DS is able to combine the information provided by
WSN and VGI and then display it in a way that can be useful for
ﬂood risk management. This integration can support the decision-
making of emergency agencies by improving the maintainability
and assessment of WSN, as well as providing data from poorly
gauged or ungauged area through VGI. They also show that well-
known interoperable standards are appropriate for handling both
this integration and the interoperability of heterogeneous data
sources. These standards ensure that the available data can be
used again; they also make it easier to include new data sources
and obtain access to integrated data for potential data consumers.
Although it has been applied to ﬂood risk management, we
believe that the results of this study can be extended to support
decision-making in other types of disasters (e.g. landslides). It is
recommended that future studies should address the question of
the limitations of VGI in composing visual indicators. This will
involve adopting an approach that can make use of the data that
are based at their location (i.e. the volunteers' reports will provide
the historical information of a speciﬁc critical ﬂood site). The hy-
drological time series service could also be used to improve the
interoperability and implementation of information supplied by
our prototype (OGC, 2014).
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